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We perform an unbiased search of the origin of the recently observed 28 events above ∼ 30 TeV
in the IceCube neutrino observatory, assuming that these are (apart from the atmospheric back-
ground) of astrophysical origin produced by photohadronic interactions. Instead of relying on the
normalization of the neutrino flux, we demonstrate that spectral shape and flavor composition can
be used to constrain or identify the source class. In order to quantify our observations, we use a
model where the target photons are produced by the synchrotron emission of co-accelerated elec-
trons, and we include magnetic field effects on the secondary muons, pions, and kaons. We find that
the lack of observed events with energies much larger than PeV points towards sources with strong
magnetic fields, which do not exhibit a direct correlation between highest cosmic ray and neutrino
energies. While the simplest AGN models with efficient proton acceleration plausibly describe the
current data at about the 3σ confidence level, we show that IceCube can rule out that the observed
neutrinos stem from the sources of the ultra-high energy cosmic rays with a factor of ten increased
statistics at more than 5σ if the current observations are confirmed. A possible caveat are sources
with strong magnetic fields and high Lorentz factors, such as magnetic energy dominated GRBs.
INTRODUCTION
High-energy astrophysical neutrinos probe the origin
of the cosmic rays, since protons or cosmic ray nuclei in-
teracting with ambient photons or non-relativistic matter
will produce a high energy neutrino flux; see Ref. [1] for
a review. The recent discovery of two neutrino events
at PeV energies by the IceCube neutrino telescope [2]
has therefore started the search for the sources of the
cosmic rays from a new perspective, and the era of neu-
trino astronomy has begun. More recently, 26 additional
events with deposited electromagnetic-equivalent energy
between about 30 and 300 TeV from a contained vertex
search based on data from May 2010 to May 2012 have
been presented [3]. These events correspond to a 4.3σ
excess over the background of 10.6+4.5−3.9 from atmospheric
neutrinos and muons. Since no clustering and no correla-
tion with the galactic plane is significant from the data,
it is plausible that the neutrinos (apart from the atmo-
spheric background) come from extragalactic sources.
In the meanwhile, the discussion of the origin of these
events and the underlying spectral shape has gained mo-
mentum, see Refs. [4–14] for recent studies. Cosmogenic
neutrinos as a possible source are disfavored [15], un-
less the maximal proton energy of the sources is below
the threshold for the cosmic microwave background in-
teractions, see Ref. [11]. Many of the scenarios where
the neutrinos are directly produced at the source assume
a hadronuclear origin, which implies that the neutrino
spectral shape follows the initial proton (or hadron) spec-
trum, and the maximal neutrino energy is limited by
Eν,max ' 0.05Ep,max for protons. There are two puzzles
in the current data: first of all, no neutrinos have been
seen in the energy range between 250 TeV and 1 PeV,
which may lead to the conclusion that the observed spec-
trum is a superposition of two groups of sources [13].
This observation may not yet be evident, since the de-
posited electromagnetic energy corresponds to a prob-
ability distribution of incident (true) neutrino energies;
for instance, for a muon track, the true neutrino energy
can be much higher. We therefore do not emphasize this
aspect in this study. Second, no events above PeV ener-
gies have been observed, which points towards a spectral
break in the initial proton spectrum or a power law with
a spectral index α & 2.3, see, e.g., Ref. [9]. This seems
to be in conflict with the typical assumptions for ultra-
high energy cosmic ray (UHECR) accelerators, for which
the primary spectrum has to extend to energies of about
1020 eV and the injection index from Fermi shock accel-
eration is expected to be 2.0 . α . 2.2. However, it
can be easily circumvented if a photohadronic origin of
the neutrinos is assumed, as there is more freedom in
the observed neutrino spectrum: first of all, the neutrino
spectral shape will depend on the target photon spectral
shape within the source as well, i.e., it does not have to
follow the primary proton spectrum. Second, cooling ef-
fects of the secondary muons, pions, and kaons will affect
the shape if the magnetic fields are strong enough, as, for
instance, in microquasars [16, 17]. These cooling effects
will, most importantly, allow for a (moderate) decoupling
of the maximal neutrino energy from the maximal pro-
ton energy, a fact which is highly relevant in exploring
models in which the neutrinos come from the sources of
the UHECRs.
In this paper, we propose an unbiased search for the
origin of the detected neutrinos from (presumably) as-
trophysical sources, based on spectral shape and flavor
composition only, and assuming photohadronic produc-
tion. We will especially address the question if the neu-
trinos can come from the sources of the UHECR, and if
the simplest models for Active Galactic Nuclei (AGNs)
can account for these neutrinos. We will, however, not
describe the normalization of the observed neutrino spec-
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2trum, which typically has large astrophysical uncertain-
ties, but instead just derive it as a free parameter. For
the sake of simplicity, we assume that the observed neu-
trino spectrum comes from a single source class with sim-
ilar parameters, which may be either of galactic origin or
cosmologically distributed.
METHOD AND ASSUMPTIONS
In order to reduce the complexity allowed by the free-
dom to choose the target photon spectrum, and to quan-
titatively support our (quite general) conclusions, we as-
sume a pure proton spectrum at the source. We fur-
thermore assume that the target photons are produced
are produced by synchrotron emission of co-accelerated
electrons, based on the model by Hu¨mmer et al. [18].
For parameters corresponding to AGNs, the model gives
neutrino spectral shapes similar to Refs. [19, 20]. The
protons and electrons are assumed to be injected from
the acceleration zone into the radiation zone, where the
interactions take place, with a power law spectrum with
universal injection index α ' 2. The maximal proton and
electron energies are obtained by comparing the domi-
nant energy loss timescale (adiabatic or synchrotron) to
the acceleration rate t−1acc = ηc
2eB/E, where η . 1 is the
acceleration efficiency. In the radiation zone, secondary
cooling effects are taken into account, as well as the rel-
evant particle physics effects, which determine the shape
and flavor composition. A more detailed discussion of
the dominant effects on the neutrino spectra and flavor
composition can be found in Ref. [21]. As a consequence,
the neutrino spectra then do not follow the initial proton
spectrum anymore, neither in terms of spectral shape,
nor in terms of maximal energy. Furthermore, the sec-
ondary cooling allows for flavor compositions different
from (νe : νµ : ντ ) = (1 : 2 : 0) (from the pion decay
chain) at the source; see Ref. [18] for details. In order
to fully describe the model including magnetic field ef-
fects and adiabatic cooling, the main parameters are α
(injection index), B (magnetic field), and R (size of the
region). Since the latter two parameters can be related
to the Hillas plot [22], it is natural to present the results
therein. The Hillas condition is automatically implied
by t−1acc = t
−1
ad as a necessary condition for the maximal
proton energy (which is, however, limited by synchrotron
losses in parts of the parameter space). Flavor mixing is
fully taken into account, using the best-fit parameters of
Ref. [23] with the first octant (θ23) solution. Note that
we only discuss sources with low or moderate Doppler
factors within this framework, as high Doppler factors
complicate the interpretation in terms of the Hillas plot.
The detector response to this model has been discussed
in Ref. [24]. Here we focus on the most recent data, using
the exposures from Ref. [9] (Fig 1) over 662 days of opera-
tion. Note that, for the sake of simplicity, we use the sky-
averaged effective exposures here. Consider, for instance,
n sources with fluxes J iν(E), and a declination-dependent
exposure Expν(E, δ), which includes the Earth attenua-
tion of upgoing events. Then the (total) number of events
can be written as
N =
n∑
i=1
∫
dE Expν(E, δ
i) J iν(E) , (1)
summed over the n point sources. If the fluxes of the
sources are similiar J iν(E) ' J singleν (E), as it is assumed
in this study, one can re-write this equation as
N =
∫
dE
1
n
n∑
i=1
Expν(E, δ
i)︸ ︷︷ ︸
Expeffν (E)
nJ singleν (E)︸ ︷︷ ︸
Jν(E)
, (2)
and use an appropriately averaged exposure. If moreover
the sources are uniformly distributed over the sky, as it is
typically assumed for extragalactic sources, one can also
derive the averaged exposure as the solid angle average
Expeffν (E) =
1
2
∫
d cos δ Expν(E, δ) , (3)
which we imply in this study.
The atmospheric neutrino flux is taken as the one mea-
sured by IceCube [25]. For the binning, we choose four
bins in the reconstructed neutrino energy: 30 to 200 TeV,
200 TeV to 1 PeV, 1 to 3 PeV, and 3 PeV to 100 PeV
to have a meaningful number of events per bin. For the
sake of simplicity, we assume that the electromagnetic
equivalent energy is roughly 25% of the incident neutrino
energy for a muon track, and 75% for a cascade [7]; cas-
cades from neutral current interactions are assumed to be
suppressed by the cross sections and their reconstruction
at lower energies. We have tested two different assump-
tions: either cascades and tracks are added into one event
sample, or separate samples for cascades and tracks have
been chosen (default), without qualitative differences –
see discussion below. The event rates are computed from
the spectral shapes of all three flavors at Earth convo-
luted with the flavor-dependent exposures. The (Poisso-
nian) χ2 using the observed 28 events and the fit rates
is obtained by minimizing the fit normalization as a free
parameter. As a consequence, we have reproduced the
results from Ref. [9], such as that spectral indices harder
than 2.3 for a single power law are ruled out. For the
atmospheric neutrino background we obtain 8.8 events,
in sufficient consistency with the total background ob-
tained in the IceCube analysis. In the absence of further
information, we assume the reconstructed event topol-
ogy distribution (cascades versus tracks) follows the one
produced by atmospheric neutrinos, although a part of
the actual background comes from atmospheric muons
sneaking in through the dust layer [26], and a part of the
atmospheric neutrino background is reduced by the veto
of atmospheric muons produced in the same air shower.
3FIG. 1: Allowed regions (90% CL, 3σ, 5σ; 2 d.o.f.) in the
Hillas plane from the recently observed 28 IceCube events,
assuming a cosmological distribution of identical sources fol-
lowing the star formation rate, an injection index for protons
and electrons α ' 2, and a (moderate) acceleration efficiency
η = 0.1. The test points 1 to 11 have been adopted from M.
Boratav for illustration (see e.g. Ref. [27]), test point 12 from
Ref. [17], and points A and B mark the best fits.
RESULTS
A parameter space fit as a function of R and B for
the 28 events can found in Fig. 1, where the sources are
assumed to be cosmologically distributed following the
star formation rate [28] and atmospheric backgrounds
are fully taken into account. The best-fit points are
marked by A and B, and a number of additional test
points (adopted from M. Boratav, see e.g. Ref. [27]), are
shown. Note that the exact values for these sources are
not to be taken too seriously, since large parameter vari-
ations are possible. In the figure, the 90% CL, 3σ, and
5σ contours are shown for 2 d.o.f., as well as the re-
gions incompatible with the photoproduction threshold
(“No acceleration/no pγ”) and with the proton energy
required to produce the neutrinos in the first bin (“Too
low Ep,max”). The χ
2 per degree of freedom at the min-
ima is roughly one, which means that model provides a
good fit. For B . 103 G, where magnetic field effects on
the secondaries are small, the fit is determined by the
neutrinos following the maximal proton energy, whereas
for B & 103 G, magnetic field effects on the secondaries
are more important; see Refs. [18, 24]. One can read off
from the figure that at 5σ, none of the allowed points
can be excluded with current data, whereas parameter
sets corresponding to supernova remnants (SNRs) and
objects beyond galactic scales do not match the required
energy range at 3σ.
The best-fit points in Fig. 1 can be found in regions
with large magnetic fields, whereas the test points 3 and 4
(AGN nuclei and jets, respectively) are on the boundary
of the 3σ contour. In order to illustrate what happens
there, we show in Fig. 2 the spectra (upper row) and
rates (lower row) for best-fit points A and B, as well
as test point 3. The bin ranges are marked in the up-
per row as correspondingly shaded regions. For a dis-
cussion of the magnetic field and flavor effects leading
to these spectra, see Ref. [18]. First of all, we recover
from points A and B that a steep cutoff is needed to
match the non-observation of events beyond a few PeV.
In cases A and B, the spectral peak is within and below
the observed energy range, respectively; in case B, it is
hidden by the atmospheric background. The event rates
fit the observation extremely well, apart from a small
mismatch in the 1-2 PeV bin by observing two cascades
in that energy range and no tracks. The magnetic field
effects can be clearly seen as “wiggles” in the upper pan-
els, which also leads to a change of the flavor composition
as a function of energy. The inferred flux normaliza-
tions and shapes are compatible with the predictions of
models for specific objects in the literature, such as for
AGNs (Point 3, Refs. [19, 29]) or Pulsar Wind Bubbles
(Point B, Ref. [30]). We have tested the impact of the fla-
vor measurement (muon tracks versus cascades), which
is in slight tension with the spectral shape information.
For instance, using the flavor information only, the region
B & 105 G could be excluded with a factor of 100 higher
statistics. For realistic exposures, however, we find that
the flavor information is not competitive at all, which is
due to the small impact of the initial flavor composition
after flavor mixing, and the limited energy range accessi-
ble in the current analysis. This conclusion may change
in the presence of new physics in the neutrino propaga-
tion (such as neutrino decay or quantum decoherence),
which can significantly alter the flavor composition; see
e.g. Ref. [31] in the context of the model used here.
The spectral shape and normalization of the AGN
spectrum for test point 3 (upper right panel in Fig. 2)
are consistent with the prediction of typical AGN mod-
els (here without luminosity distribution function), such
as the Stecker et al. model [12, 19, 29]. From the lower
right panel, one can easily read off where the statistical
tension for these models comes from: there are too few
events predicted at low energies and too many events at
high energies compared to the observation. While the low
energy part may be argued away by the superposition
of two different groups of sources [13], the high energy
part cannot be easily circumvented. Thus, either suffi-
ciently many events at even higher energies are going to
be found soon, or this part of the parameter space using
this simple model will be ruled out. Note that these ob-
servations cannot be easily applied to AGNs in general.
For instance, there are indications from particle-in-cell
simulations that the maximal energies could be overes-
4FIG. 2: Upper row: best-fit neutrino spectra for points A, B, and 3 in Fig. 1 as a function of the reconstructed neutrino
energy at the observer E0 (assuming star formation rate evolution). Lower row: observed (dots) and fitted (bars) event rates
in the different bins with Poissonian error bars for muon tracks (T) and cascades (C). The energy ranges for the bins are also
shaded by corresponding colors in the first row.
timated [32, 33], which would improve the neutrino fit,
but increase the tension with description of the UHECR
observations. In addition, superimposing different pop-
ulations of AGNs with different characteristics may help
to fit all data. Nevertheless, this example illustrates that
neutrino spectral data alone can be a powerful model
discriminator.
In order to quantify this statement, we show in Fig. 3
the expected fit for a factor of ten increased statistics,
as it may come from running the full scale experiment
over a sufficiently long time. In this figure, it is assumed
that the current statistical distribution of events is rep-
resentative, i.e., future events will follow this distribu-
tion. One can clearly see that in that case points A
and B are remaining, but that almost the full param-
eter space with B . 103.5 G can be ruled out with an
impressing precision – including the simplest AGN mod-
els. In particular, note that the UHECR in this model
come from the dashed region. The lower edge of this re-
gion just follows the Hillas criterium for cosmic ray pro-
tons (Larmor radius smaller than acceleration region),
the upper edge corresponds to the necessary condition
that the acceleration timescale must be smaller than the
synchrotron loss timescale. The region somewhat de-
pends on acceleration mechanism, acceleration efficiency,
and UHECR composition. Nevertheless, it is clear that
if the current data are confirmed, IceCube will rule out
at a high confidence level that the observed neutrinos
come from the sources of the UHECR, because the best-
fit and UHECR regions are completely disjunct. On the
FIG. 3: Same as Fig. 1 with an increase of statistics by a
factor of ten. Here it is assumed that the current observation
will be confirmed, i.e., is not just a statistical fluctuation.
The region “UHECR protons” marks where UHECR protons
with Ep & 1020 eV are expected to come from in the model
for the chosen acceleration efficiency.
other hand, sources with relatively strong magnetic fields
remain viable, where the secondary cooling breaks the
connection between ultra-high primary and neutrino en-
5ergy. In the discussed model, however, these sources will
not be capable to accelerate protons to the required en-
ergies because of the synchrotron loss limitation. A pos-
sible way out may be sources with strong magnetic fields
and high Lorentz factors, such as Gamma-Ray Bursts
(GRBs), which can allow for strong secondary cooling
and high proton energies at the same time; see e.g. spec-
trum in Ref. [34], which resembles the ones in the left
and middle upper panels in Fig. 2, apart from peaking
at higher energies. Since Ep,max ∝ (B′)−1/2 and the
synchrotron cooling break of the secondaries scales as
Ebr ∝ (B′)−1, where B′ is the magnetic field in shock rest
frame, large values B′ & 10 MG can be used to suppress
disproportionally the secondary cooling break to the PeV
range while maintaining large maximal proton energies
Ep,max & 1010 GeV through large enough Lorentz boosts
Γ ∼ 300; see e.g. Ref. [35] for detailed formulae. How-
ever, note that such high magnetic fields are significantly
higher (by about a factor of 50) than what is typically as-
sumed within the internal shock model for conventional
long duration GRBs. A possible corresponding GRB sce-
nario involves ultra-long GRBs, see Ref. [36], for which,
however, the maximal proton energy is limited by pp and
pγ cooling.
We have also studied how the conclusions depend on
the model parameters. We have tested different values of
the injection index α and different source evolution func-
tions, such as the one for AGNs in Ref. [37] and the no
evolution case, as expected if the neutrinos come from
our galaxy. We have also tested the impact of a differ-
ent event topology composition of the atmospheric muon
background, and the impact of a different binning includ-
ing an intermediate bin with no events. Although the fi-
nal result slightly depends on the assumptions, there are
no qualitative changes of our conclusions. In particular,
in all cases, the overall best-fit lies close to test point B.
SUMMARY AND CONCLUSIONS
Assuming a photohadronic origin of the TeV-PeV as-
trophysical neutrinos recently observed by the IceCube
collaboration, we have studied what can be learned from
spectral shape and flavor composition of the neutrinos.
In order to quantitatively support our conclusions, we
have assumed that protons at the source are injected with
a non-thermal power law spectrum with injection index
two. The target photons have been assumed to come
from synchrotron emission from co-accelerated electrons,
as it is often assumed for AGNs. Most importantly, mag-
netic field effects on the secondary muons, pions, and
kaons have been fully taken into account, which deter-
mine the neutrino spectra for strong magnetic fields, as
well as flavor mixing, high energy multi-pion production
processes, and the helicity dependence of the muon de-
cays, which can also affect the spectral shape and flavor
composition.
We conclude that current data prefer source classes
with strong magnetic fields B & 103.5 G, while the sim-
plest AGN models are still allowed at the 3σ confidence
level. This information can be inferred from spectral
shape and flavor composition only. The spectral shape
clearly provides the main constraint, while flavor (in the
sense of the muon track to cascade ratio) has little dis-
crimination power yet – at least in the absence of new
physics effects altering the neutrino propagation.
With increased statistics, IceCube will allow an un-
precedented view on the parameter space, which poten-
tially includes source classes (or parameter sets) which
are unobservable in photons. For example, if the cur-
rent observations are confirmed with about a factor of
ten increased statistics, the parameters corresponding to
AGNs in the discussed model, as well as to other sources
classes with magnetic fields B . 103.5 G will be ruled out
if the cosmic ray acceleration is efficient.
More generally and quite independent of the model as-
sumptions, the current non-observation of events above
a few PeV either points towards strong magnetic field
effects on the secondaries (muons, pions, kaons) in or-
der to break the direct connection between maximal neu-
trino energy and maximal cosmic ray energy (Eν,max '
0.05Ep,max for protons), or to significantly lower acceler-
ation efficienices of the cosmic rays than anticipated ear-
lier. In either case, IceCube will then be able to exclude
that the observed neutrinos come from the sources of the
UHECR, since either the required magnetic fields would
limit the maximal cosmic ray energy by synchrotron
losses, or lower acceleration efficiencies could not describe
the UHECR production itself. A possible caveat may be
sources with strong magnetic fields and high Lorentz fac-
tors at the same time, such as GRBs with substantial
magnetic field energies.
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